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Abstract: Comprehensive hydraulic model tests were carried out to obtain further insights into the 
winnowing mechanism within granular scour protection and to provide additional datasets for a 
holistic approach on the sinking of granular scour protection into the seabed. The tests focused on a) 
the initiation of erosion of bed material beneath the scour protection and on b) the depth as well as the 
extend of the subsidence of the scour protection exposed to unidirectional current flow. The tests were 
conducted in a closed-circuit flume driven by a pump system and equipped with a sediment pit. In the 
center of the sediment pit, a transparent pile was installed to mimic a monopile structure. Surrounding 
the pile, loose riprap materials were placed on top of the sand as scour protection. Thereby, the top 
level of the scour protection was constructed flush with the surroundings. As armor layer stones, three 
different stone gradings with median stone diameters between 𝑑𝑑50,𝑓𝑓 = 13.0 – 44.0 mm were used. The 
winnowing process was monitored by a camera system placed inside the transparent pile and bed 
topography measurements by means of a laser distance sensor were carried out to determine the 
spatial extent of the subsidence. Critical flow velocities for the initiation of the winnowing process 
were found to increase with increasing layer thickness of the scour protection. On the other hand, 
critical flow velocities decreased with growing stone diameter. Final sinking depths were influenced 
by the flow velocity, the thickness of the scour protection and the grain size ratio. As expected, a 
larger flow velocity led to an increased sinking depth. Exposed to a strong current, a large horseshoe 
vortex will form at the upstream side of the pile, increasing the capacity to transport sediment from 
beneath the scour protection. However, a large scour protection thickness reduces the sinking depth by 
dampening the horseshoe vortex before reaching the underlying bed. Equations predicting the critical 
flow velocity for the initiation of the winnowing process as well as final sinking depths in dependency 
to the scour protection thickness and grain size ratio are introduced. 
Keywords: Scour protection, Winnowing, Monopiles, Foundation Structures, Laboratory Test 
1 Introduction 
As integral part of the design process of coastal and offshore structures, processes leading to the 
structural degrading effects of scour have to be considered to assure the functionality and stability of 
these structures throughout their designated life-time. Scour depths of up to 6.3 m, as reported by 
Rudolph et al. (2004) for a monopile foundation in the North Sea, can affect the structural integrity of 
a structure. In case of a monopile foundation, the structural stability might be affected by an increased 
bending moment, a decreased axial and lateral bearing capacity or a change of the eigenfrequency of 
the pile. To reduce the depth of the emerging scour hole, scour protection measures have thus to be 
considered in the design process of an offshore foundation structure. The protection against the effects 
of scour can involve an optimization of the structural design according to the expected scour depths or 
effective measures against the development of scour in form of a scour protection system. Usually, the 
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scour protection concept consists of placing loose riprap around the foundation structures, aiming at 
reducing the transport potential of the sediment near them. Looking for an even more cost-effective 
alternative, the potential of geotextile sand-filled containers (Peters and Werth, 2012), rubber 
mattresses or even artificial plants are also investigated and occasionally applied as scour protection 
system. Additionally, rock filter bags or so-called Filter Units are offered as flexible, and thus, 
application-friendly scour protection system.  
A stable design of a granular scour protection has to account for several possible failure modes, 
including shear failure, edge failure (due to secondary scour), liquefaction and winnowing failure. 
While numerous approaches are available to design scour protection against shear failure (e.g. 
Soulsby, 1997; De Vos et al., 2011), investigations on the sinking of the scour protection into the 
seabed due to wash-out of fine bed material, i.e. winnowing, are still limited. In addition, hydraulic 
filter criteria (e.g. Hoffmans, 2012) cannot be applied directly as they do not take the increased 
turbulence and flow acceleration around structures into account. 
Wörman (1989) was the first to consider the influence of a pile on the flow within the surrounding 
scour protection and derived an approach for a critical filter thickness that is required to prevent 
erosion of bed material in a single-layer layout without additional armor layer. Based on his 
experimental data, Wörman (1989) provided an analytical description relating the critical flow 
velocity for the initiation of erosion of the base material to the grain size ratio of the scour protection 
and bed material. In contrast, the diameter of the pile did not have an influence on the initiation of 
erosion.  
For a pile exposed to a current, Nielsen et al. (2011) identified the horseshoe vortex as the primary 
driver for the winnowing process near the pile. De Sonneville et al. (2014) also carried out laboratory 
experiments on the winnowing process around piles with varying current flow velocity, scour 
protection thicknesses and stone sizes. They found the winnowing depth to increase with current flow 
velocity and to decrease with increasing scour protection thickness. However, no tests on the initiation 
of the winnowing process were conducted. Furthermore, Nielsen et al. (2015) described the 
winnowing mechanism and determined the sinking depth of an armor layer around a pile in wave and 
combined wave and current conditions. They showed that the sinking is controlled by a balance 
between sediment removal at the pile and infilling of sediment into the scour protection from the 
unprotected seabed. The sinking depth of the scour protection adjacent to a monopile exposed to 
waves, and combined waves and current, was found to be similar to the current alone case. 
To obtain further insights into the sinking of granular scour protection into the seabed as a result of 
winnowing, hydraulic model tests were carried out by the Ludwig-Franzius Institute for Hydraulic, 
Estuarine and Coastal Engineering (LuFI), Hannover, Germany. As winnowing in scour protection 
systems was found to be mainly stimulated by currents and the structured-induced vortex field 
(Nielsen et al., 2011; Nielsen et al., 2015; de Sonneville et al., 2014), the tests focused on the 
winnowing mechanism induced by unidirectional current exerted to the structure and scour protection 
system. In the following, the objectives of the physical modelling tests and the expected contribution 
to a robust assessment of the performance of granular scour protection, are outlined: 
 
• Obtaining further insight into the winnowing process around a monopile and the resulting 
sinking of granular scour protection. 
 
• Definition of critical flow conditions for the initiation of the winnowing process underneath 
the scour protection.  
  
• Quantification of the sinking depth of a granular scour protection system and its extent due 
to winnowing as a function of stone size, filter thickness and flow velocity. 
 
• Improvement of reliability of scour protection design by providing further datasets on the 
failure due to winnowing.    
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2 Experimental setup 
The physical model tests were carried out in the closed-circuit flume of the LuFI, that has been vastly 
applied in other experiments with similar configurations before (Schendel et al., 2017; Schendel et al., 
2018). The flume has a length of 60 m, a width of 1.0 m and can be filled up to a water depth of 1.0 m. 
Furthermore, the flume is driven by a pump system with a maximum flow capacity of 0.5 m³/s that 
allows the stepless adjustment of flow velocity in both flow directions. For studies related to sediment 
transport and erosion processes (e.g. Schendel et al., 2016), the flume provides a sediment pit with a 
length of 2.7 m and a depth of 0.55 m. Since the winnowing process, as induced by the horseshoe 
vortex, is assumed to be limited to the direct vicinity of the pile, the length of the sediment pit was 
shortened to a reduced length of 1.3 m. A monopile structure was mimicked by a transparent pile with 
circular cross-section made of acrylic glass with a diameter D = 150 mm. The pile was positioned in 
the center of the sediment bed and securely tightened to the flume bottom. Fig. 1 shows a schematic 
view of the experimental setup. 
As base material, the sediment pit was filled with a crystal quartz sand with a median diameter of 𝑑𝑑50,𝑏𝑏 = 0.19 mm, a geometric standard deviation of 𝜎𝜎𝑔𝑔 =  �𝑑𝑑84,𝑏𝑏 𝑑𝑑16,𝑏𝑏⁄  = 1.4 and a density of 𝜌𝜌𝑠𝑠,𝑏𝑏 = 
2.65 g/cm³. Surrounding the pile, riprap materials were placed on top of the sand as scour protection. 
Thereby, the top level of the scour protection was always constructed flush with the surroundings. The 
riprap material consisted of broken basalt stones in three different stone gradings. Properties of the 
riprap materials are given in Tab. 1. To provide an increased resistance against shear failure during the 
winnowing tests, materials with a specific density of 2.97 g/cm³ were used. While this density is 
slighter larger than that of riprap material usually used for scour protection, the density increase is not 
expected to have any influence on the winnowing process.  
 
 
Fig. 1. Experimental setup in top and side view. Dimensions in centimeter, not to scale. 
The winnowing process is strongly influenced by the interface stability and intrinsic processes 
between the filter layer and the bed material which can be expressed as a ratio of filter layer to bed 
material stone diameters (Wörman, 1989). As the median grain diameter of the bed material could not 
be reduced much further without risking cohesive sediment behavior, the three stone gradings listed in 
Tab. 1 were selected to obtain rations 𝑑𝑑85,𝑓𝑓 𝑑𝑑15,𝑓𝑓⁄  similar to those found at offshore sides. 
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Tab. 1. Riprap material properties 
Grading 𝜌𝜌𝑠𝑠,𝑓𝑓 𝑑𝑑50,𝑓𝑓 𝑑𝑑15,𝑓𝑓 𝑑𝑑85,𝑓𝑓 𝑑𝑑85,𝑓𝑓 𝑑𝑑15,𝑓𝑓⁄  𝑈𝑈crit,50 𝜃𝜃crit,50 
[g/cm³] [mm] [mm] [mm] [-] [m/s] [-] 
G1 11/16 2.97 13.0 11.7 14.4 1.23 1.58 0.0557 
G2 16/32 2.97 27.0 23.1 29.6 1.28 1.96 0.0553 
G3 32/63 2.97 43.8 37.8 50.0 1.32 2.24 0.0552 
* 𝜃𝜃crit,50 is based on the approach of Soulsby (1997).
** 𝑈𝑈crit,50 was calculated following the approach of Melville (1997).
*** 𝜌𝜌𝑠𝑠,𝑓𝑓 was determined based on taking several samples from each stone grading. 
To ensure a sufficient flow-bottom interaction length in order to adjust to changing bed roughness, 
and thereby, prevent an influence of bed-forms and edge scour on the winnowing process, bonded 
riprap material was placed on both sides of the test section. The overall 750 cm long hydraulic model 
was enclosed by slopes at both sides. The thickness of the scour protection, which is another important 
parameter controlling the winnowing process, was adjusted by removing sand and installing a thicker 
scour protection on top. Thereby, the top level of the scour protection was always flush with the 
surrounding bonded riprap material.  
The measurements of sinking depths were carried out by attaching a 2 mm fine grid to the pile. The 
sinking development was monitored by a camera placed inside the transparent pile, a technique 
previously conducted and quality-proven by Schendel et al. (2018) for the measurements of scour 
depths. Each measurement of the sinking depth consisted of eight individual measurements that were 
successively taken in radial intervals of 45° around the pile. A measurement was carried out every two 
minutes. While the sinking depth was defined as the sinking of the top layer of the scour protection, 
measurements of the interface in between armor and sand layer were also conducted to provide further 
insights into the mechanism of the winnowing process. Additionally, video recordings were taken 
occasionally from the inside of the pile for visualization of the winnowing process. 
Flow velocities were measured 1.5 m upstream from the pile and at distance to the bed of 0.4 times 
the water depth by means of an Acoustic Doppler Velocimeter (ADV, Vectrino+, Nortek AS, 
Norway). To determine the spatial extent of the winnowing process, the bed topography was measured 
with a laser distance sensor (OADR 2016480, Baumer, Friedberg, Germany; resolution 0.015–0.67 
mm) at the beginning and the end of each test. To position the laser distance automatically and
reproducibly, a three-way traverse system was installed over the test section. By using this system, the
bed topography could be scanned in a grid-like pattern. The bed topography was scanned in
longitudinal profiles with a sampling interval of 0.5 mm and a lateral spacing of 5 mm (Schendel et
al., 2017 & 2018). Pictures depicting the experimental setup before and after the installation of the
riprap material are shown in Fig. 2 and Fig. 3, respectively.
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Fig. 2. Picture of setup before  
installation of riprap. 
 
Fig. 3. Picture of setup after  
installation of riprap. 
2.1 Test program and procedure 
The tests focused on the winnowing process as failure mechanism for a scour protection made of loose 
riprap material. For this, the critical flow velocity for the onset of the winnowing process was 
determined, and the sinking depth for different flow velocities and for several combinations of stone 
size and thickness of the scour protection measured. Each test was divided into three parts. First, the 
critical flow velocity for the initiation of the winnowing process, 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖, was determined by stepwise 
increasing the approach flow velocity. Here, 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 was defined as the mean flow velocity, averaged 
over the duration of an incremental velocity step, that caused the initiation of erosion of the base 
material at the interface to the scour protection stones.  
The test continued by increasing the flow velocity to a fixed value larger than 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖. The test was 
run for 90 minutes and the sinking depth was measured continuously. The sinking depth was defined 
as the vertical displacement of the top level of riprap stones adjacent to the pile. Based on the eight 
individual pictures taken for every measurement, the sinking depth was determined at 48 grid points 
(corresponding to every 7.5°) on the circumference of the pile. While 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚  represents the maximum 
sinking depth measured around the pile, 𝑊𝑊𝑚𝑚𝑎𝑎  depicts the mean value of all measured suction depths 
around the pile. For the third part of the test, the flow velocity was increased a second time and the 
test was run for additional 90 minutes. Throughout the test the water depth water kept constant at 
50 cm.  
The three different gradings were installed in different thicknesses 𝐷𝐷𝑓𝑓 corresponding to 2, 4 or 8 
layers of stones. In addition, to simulate a multilayer scour protection setup, test K01 was included in 
the test program, in which these gradings were built in together in layers of 2, 2 and 1 stones, 
respectively 
Tab. 2 presents the test conditions for all tests. In Tab. 2, the parameter 𝑈𝑈� represents the mean 
current flow velocity averaged over the duration of a test case. 
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Tab. 2. Test conditions for sinking tests with riprap materials. 
Grading Test 𝑑𝑑50,𝑓𝑓 𝐷𝐷𝑓𝑓 𝐷𝐷𝑓𝑓 𝑑𝑑50,𝑓𝑓⁄  𝑈𝑈� 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖  𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 𝑊𝑊𝑚𝑚𝑎𝑎 
  [mm] [mm] [-] [m/s] [m/s] [cm] [cm] 
Grading 1 C01 13 26 2 - 0.21 - - 
C01_b 13 26 2 0.44 - 4.0 1.5 
C01_c 13 26 2 0.81 - 18.5 12.9 
C02 13 52 4 - 0.33 - - 
C02_b 13 52 4 0.56 - 1.8 0.2 
C02_c 13 52 4 0.82 - 5.6 2.9 
C03 13 104 8 - 0.49 - - 
C03_b 13 104 8 0.63 - 1.1 0.1 
C03_c 13 104 8 0.85 - 3.0 0.6 
Grading 2 D01 27 54 2 - 0.22 - - 
D01_b 27 54 2 0.64 - 4.7 1.9 
D01_c 27 54 2 0.86 - 9.7 5.3 
D02 27 108 4 - 0.28 - - 
D02_b 27 108 4 0.63 - 3.4 0.6 
D02_c 27 108 4 0.85 - 4.0 2.0 
D03 27 216 8 - 0.59 - - 
D03_b 27 216 8 0.63 - 0.6 0 
D03_c 27 216 8 0.86 - 0.7 0.1 
Grading 3 E01 44 88 2 - 0.29 - - 
E01_b 44 88 2 0.64 - 4.7 1.9 
E01_c 44 88 2 0.86 - 9.5 5.3 
E02 44 176 4 - 0.33 - - 
E02_b 44 176 4 0.63 - 3.1 0 
E02_c 44 176 4 0.85 - 2.2 0.4 
Grading 1-3 K01 13;27;44 26;54;44 2;2;1 - 0.37 - - 
 K01_b 13;27;44 26;54;44 2;2;1 0.62 - 0.9 0 
 K01_c 13;27;44 26;54;44 2;2;1 0.86 - 2.4 0.3 
3 Results 
In general, the winnowing process originated on the upstream side of the pile as a result of the horse-
shoe vortex penetrating through the riprap stones. The exact position of the initiation of sediment 
movement varied between tests, depending on the specific composition and arrangement of stones. In 
the immediate vicinity of the pile, the sand was then either transported along the sides to the 
downstream side of the pile, where it accumulated into a heap within the stone layer and was washed 
out eventually. Or, as described by Nielsen et al. (2011), the sand was transported by the horseshoe 
vortex upstream to the separation line between the incoming flow and the horseshoe vortex, from 
where it was washed out and transported downstream. The position of the separation line upstream 
was clearly visible during the tests, as it is illustrated by Fig. 4 showing the winnowing process at the 
beginning of test C01_b. 
For small armor layer thicknesses, the developing suction hole led to a distinct breakoff edge of the 
armor layer stones, critically exposing the sand beneath to the flow and leading to a significant 
subsidence on the upstream side of the pile. An example of this behavior is presented in Fig. 5 for test 
C01_c, in which a layer thickness equal to two times the median diameter of the armor stones was 
used.  
With the occurrence of such a breakoff edge, the degrading effects of winnowing on the stability of 
the scour protection might further increase. The already severe subsidence of the scour protection 




Fig. 4. Winnowing of sand through the armor 
layer stone at the separation line 
upstream from the pile. 
 
Fig. 5. Development of breakoff edge 
upstream of the pile during test case 
C01_c. 
3.1 Onset of the winnowing process 
Wörman (1989) found the winnowing process to be predominantly governed by the ratio of grain 
sizes 𝑑𝑑85,𝑏𝑏 𝑑𝑑15,𝑓𝑓⁄  and by the thickness of the scour protection 𝐷𝐷𝑓𝑓. Accordingly, the critical flow 
velocities for the initiation of the winnowing process are compared on a basis of these governing 
parameters in Fig. 6. In agreement with Wörman (1989), critical flow velocities were found to 
increase with increasing thickness of the scour protection. On the other hand, critical flow velocities 
decreased with growing stone diameter, i.e. with larger voids in between the granular matrix of the 
armor layers. Larger stone sizes come with larger voids in the scour protection so that the horseshoe 
vortex can penetrate through the protective stone layer more easily. However, with increasing 
thickness of the scour protection, the horseshoe vortex at the upstream side of pile will lose too much 
strength on its way through the scour protection to erode the sand underneath. 
A linear regression curve is fitted through the dataset to describe the dependency of the critical 
flow velocity on the ratio of 𝑑𝑑85,𝑏𝑏 𝑑𝑑15,𝑓𝑓⁄ . The equation of the regression curve is added to Fig. 6. This 
regression curve also enables to mimic a threshold line empirically, so that combinations of 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖2 𝑔𝑔𝐷𝐷𝑓𝑓�  
and 𝑑𝑑85,𝑏𝑏 𝑑𝑑15,𝑓𝑓⁄  falling above the curve depict an unstable state of the sand and combinations falling 
below the curve describe a stable state. 
Alternatively, the critical flow velocity can be expressed in terms of the critical mobility parameter 𝛹𝛹𝑜𝑜𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖 , which was introduced by Nielsen (1992) as a measure of fluid forces acting on the sediment 
and which is defined as: 𝛹𝛹𝑜𝑜𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖 =  𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖2𝑔𝑔(𝑠𝑠−1)𝑑𝑑50,𝑏𝑏 (1) 
in which 𝑔𝑔 is the acceleration of gravity and 𝑠𝑠 is specific gravity of the sand. 
 
The dependency of the critical mobility parameter on the thickness of the scour protection is presented 
in Fig. 7. The usage of 𝛹𝛹𝑜𝑜𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖 provides an enhanced correlation with physical-sound background 
between the critical flow conditions and the thickness of the scour protection. By rearrangement, the 
equations given in Fig. 6 and Fig. 7 can be used to determine the thickness of a single layer granular 
scour protection required to prevent suction.  
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Fig. 6.  Critical flow velocity for the initiation of sand 
movement as a function of 𝑑𝑑85,𝑏𝑏 𝑑𝑑15,𝑓𝑓⁄ . Fig. 7.  Critical mobility parameter for the initiation of sand movement as a function of 𝐷𝐷𝑓𝑓 𝑑𝑑50,𝑓𝑓⁄ . 
3.2 Winnowing process and sinking depth 
Fig. 8 presents the sinking depths as a function of the mobility parameter 𝛹𝛹, which is based on the 
mean flow velocity 𝑈𝑈�. The sinking depths are normalized by the diameter of the pile, 𝐷𝐷, and grouped 
depending on the number of stone layers 𝑁𝑁𝑓𝑓 =  𝐷𝐷𝑓𝑓 𝑑𝑑50,𝑓𝑓⁄ . As expected, the sinking depth increased 
with increasing mobility parameter, and thus, with increasing flow velocity. On the other hand, the 
sinking depth decreased with growing thickness of the scour protection. However, even for a layer 
thickness equal to eight times the stone diameter, a distinct sinking of the stones was measured. 
Furthermore, the influence of the flow velocity on the sinking depth declined with increasing number 
of stone layers. This finding emphasises the importance of selecting a sufficiently thick scour 
protection in situations where large flow velocities are expected. The sinking depths in test K01, in 
which layers of different stone sizes were combined into a multilayer scour protection, were similar to 
those of a setup consisting of eight layers of stones with diameter of 13 mm (test C03). This multi-
layer setup might thus depicts a potential scour protection alternative to the latter, as it also provides 
an increased stability against shear failure due to larger top layer stone sizes. 
Fig. 8. Normalized suction depth as a function of Ψ 
and in dependency to the number of layers. 
Fig. 9.  Normalized suction depth as a function of 
normalized flow velocity. 
To simplify the definition of a prediction approach, sinking depths are also given as a function of the 
normalized flow velocity 𝑈𝑈� 𝑔𝑔𝐷𝐷𝑓𝑓�  in Fig. 9, similar to the description of critical flow velocities for the 
initiation of the winnowing process. In Fig. 9, the point denoted “onset” marks the lowest critical flow 
velocity at which the winnowing process has started. This value was used as origin for the linear 
regression, whose equation is given in Fig. 9. 
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The results show that a scour protection system significantly reduces the subsidence of the 
sediment bed around the pile. Schendel et al. (2018) carried out tests on the scour development around 
an unprotected pile in unidirectional and tidal currents. The tests were conducted in the same facility, 
with a pile of the same diameter and with the same sediment as the tests presented herein. For a flow 
velocity of 0.45 m/s, a scour depth (i.e. the maximal subsidence depth) of 17.5 cm was measured after 
90 minutes and 21.5 cm at the end of the test after 480 minutes. In the study presented herein, a 
suction depth of just 4.0 cm was measured due to a flow velocity of 0.44 m/s (test C01_b), even 
though only a thin scour protection layer of 2.6 cm was installed. Thus, considering the sinking depths 
measured in this study, this study confirms that even a thin scour protection layer significantly reduces 
the sediment mobility and consequently the scour depths around a pile compared to a case without 
scour protection. Finally, caution is given in reference to derived prediction formulae from laboratory 
experiments since the onset and the sinking depth are only valid within the tested load range and for 
the tested stone sizes and layer thicknesses.  
3.3 Spatial extent of subsidence 
In this section the spatial extent of the subsidence is described. Basis for this assessment are the 3D 
laser scan measurements taken prior and after each test. To generate detailed digital elevation models 
(DEMs) of the scour protection surface, the laser signal was filtered, error corrected and subsequently 
interpolated to a fine grid by means of a cubic Delaunay triangulation. The vertical subsidence ∆z of 
the scour protection could then be calculated through subtraction of the DEMs. More details on laser 
scan data processing can be found in Schendel et al. (2016, 2017). 
Exemplarily, Fig. 10 shows the DEM of the scour protection surface after test C01_c. In this test, 
the suction process led to a funnel-shaped subsidence of the scour protection around the pile. The 
subsidence however is not evenly distributed around the pile. While the magnitude and the extent of 
the subsidence is symmetric on the lateral sides of the pile, there is a distinct difference in the depth of 
the subsidence between the streamwise sides of the pile. The largest subsidence developed on the 
upstream side, while significantly less subsidence formed on the downstream side of the pile.  
Fig. 10. Bed topography after test C01_c. Blue arrow indicates flow direction. 
Since test C01 was the one with the largest suction depth measured in this study, it can be assumed 
that the subsidence also reached its maximum extent in this test. At the upstream side of the pile the 
subsidence extended to a distance of about 30 cm (𝑥𝑥 𝐷𝐷⁄  = 2), at both lateral sides to about 35 cm 
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(𝑦𝑦 𝐷𝐷⁄  = 2.3) and at the downstream to about 45 cm (𝑥𝑥 𝐷𝐷⁄  = 3) from the centre of pile. Consequently, 
the slopes of the subsidence around the pile had different angles. The slope on the upstream side was 
rather steep with an angle of about 38°, which resulted in the aforementioned break-off edge and 
exposure of the underlying sediment. The slopes on the lateral sides had an angle of about 33° and the 
one on the downstream an angle of about 15°. Overall, the shape of the subsidence strongly resembled 
that of a scour hole around a pile. However, as indicated by McGovern et al. (2014), the slopes of a 
scour hole tend to be less steep due to a smaller angle of repose of sand (about 30°) compared to that 
of broken stone material (about 45°). 
3.4 Comparison to literature 
The number of available studies on the stability of sediment under granular scour protection around 
monopiles is very limited. As pointed out earlier, approaches that do not account for the presents of a 
monopile neglect influences of increased turbulences and simply omit flow field acceleration impacts 
in reference on the suction process in the vicinity of the monopile. 
Fig. 11 compares critical flow velocities for the initiation of the winnowing process measured in 
this study with data from Wörman (1989). In the experiments by Wörman (1989), a setup and stone 
sizes similar to those in this very study were used. Generally, both data sets show the same correlation 
be-tween critical flow velocity and grain size ratio. However, findings by Wörman (1989) suggest a 
less pronounced dependency of critical flow velocities to the grain size. Overall, compared to Wörman 
(1989), larger critical flow velocities, and thus, a later initiation of sediment movement were measured 
in this study. The differences in critical flow velocities might result from different methods used to 
obtain those results. In contrast to the study presented herein, where critical flow velocities were 
determined visually by capturing the instants of sediment movement at the pile, Wörman (1989) 
obtained the critical flow velocities by a linear extrapolation of suction depths measured for certain 
flow velocities to zero.  
 
        
Fig. 11.  Comparison of critical flow velocities for the 
initiation of the suction process. 
 
Fig. 12.  Comparison of suction depths with literature. 
In Fig. 12, final sinking depths are compared to results from de Sonneville et al. (2014). Obviously, 
sinking depths of both studies follow the same trend and are in general good agreement. Given this 
consistency with results from de Sonneville et al. (2014), both data sets may be fitted by a single 
linear regression. The resulting regression equation is given in Fig. 12. However, its applicability for 
the prediction of sinking depths is limited to values of 𝑈𝑈�2 𝑔𝑔𝐷𝐷𝑓𝑓�  < 2.6. Also, it has to be noted that the 
comparison does not consider the influence of the 𝑑𝑑85,𝑏𝑏 𝑑𝑑15,𝑓𝑓⁄  on the suction depths, as those values 
are unknown for the data of de Sonneville et al. (2014). As shown earlier, a smaller 𝑑𝑑85,𝑏𝑏 𝑑𝑑15,𝑓𝑓⁄  ratio 




Comprehensive hydraulic model tests on the resilience of granular scour protection against subsidence 
due to winnowing processes induced by unidirectional current were carried out. For this, the influence 
of flow velocity, layer thickness and stone size on the initiation of the winnowing process and final 
sinking depths was investigated. The main conclusions of this study can be summarized as follows: 
• Generally, the winnowing process originated on the upstream side of pile as a result of the
horseshoe vortex penetrating through the riprap stones. In the immediate vicinity of the pile,
the sand was then transported along the sides to downstream side of the pile, where it
accumulated into a heap within the stone layer and was washed out eventually.
• Critical flow velocities for the initiation of the winnowing process increased with increasing
thickness of the scour protection. On the other hand, critical flow velocities decreased with
growing riprap stone diameter. An equation predicting the critical flow velocity in dependency
to the scour protection thickness and riprap stone size is introduced. This equation can also be
used to determine the required thickness of a scour protection system in order to prevent
winnowing.
• For small armor layer thicknesses (𝑁𝑁𝑓𝑓 = 2), a distinct breakoff edge developed, exposing the
seabed directly to the flow. This could lead to a further increase in the already strong
subsidence of the scour protection, since the exposed sediment can be eroded unhindered.
• As expected, sinking depths increased with increasing flow velocity and decreased with
growing thickness of the scour protection. Exposed to a strong current, a large horseshoe
vortex will form at the upstream side of the pile, increasing the capacity to transport sediment
from beneath the scour protection. A large scour protection thickness reduces the sinking depth
by dampening the horseshoe vortex before reaching the underlying bed. However, even a layer
thickness equal to eight times the stone diameter could not prevent a significant sinking depth
to develop. Application-oriented approaches for the prediction of the sinking depth in
dependency to the scour protection thickness and stone size are given.
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